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Abstract 
The importance of investigating the electronic structure of Fe doped TiO2 
nanoparticles lies in understanding their various magnetic and optical applications. In 
this study Fe doped TiO2 nanoparticles were synthesized by sol gel method in a wide 
range of Fe/Ti molar ratios (1, 3, 5, 8, and 10 %) and post annealing at 400, 600 and 
800 o C in air. The structure and size of nanoparticles were studied by X-ray diffraction 
and transmission electron microscopy, respectively. Systematic study of the existing 
states of Fe ions in Fe doped TiO2 and transformation of the existing states as a 
function of annealing temperature and Fe concentration were carried out utilizing 
high-resolution X-ray photoemission spectroscopy (XPS). The XPS results showed 
that Fe was present in all samples while Fe ions were detected in mixed valence (Fe2+ 
and Fe3+) states. The Fe3+ ions were dominant in the surface region of the 
nanoparticles. Moreover, the Ti in Fe:TiO2 nanoparticles was assigned to the Ti
4+ 
while a small shift  towards lower binding energies was observed upon increasing the 
annealing temperature and dopant level. This confirms the successful incorporation of 
Fe into TiO2, and the shifts in binding energies were attributed to the anatase to rutile 
transformation. The results verify that doping by Fe up to 10% do not exceed the limit 
of Fe substitutation into TiO2 lattice. 
Keywords: Titanium oxide, Fe-doping, X-ray diffraction, X-ray photoemission 
spectroscopy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Introduction  
Development of nanotechnology to produce nanoparticle-based materials has 
provided materials with unique and tunable electronic, optical and thermal properties 
for different applications [1]. Among the variety of nanomaterials, nanocrystalline 
titanium dioxide is used in pigments, optical filters, antireflection coatings, sensors 
and catalysts [2]. Electronic structure and consequently magnetic and optical 
properties of TiO2 nanoparticles can be changed by doping with nickel, chromium, 
iron, vanadium , zinc, etc. [3]. It has been revealed that photocatalytic properties and 
enhancement of visible light response of TiO2 can be achieved through doping with 
transition metals. However, the synthesis method of nanoparticles is an important 
factor determining the efficiency of the photocatalytic process. There are different 
methods for synthesis of Fe doped TiO2 including sol-gel [4], hydrothermal [5], 
combining sol-gel method with hydrothermal treatment [6] and etc. Due to similarity 
between ionic radii of Fe3+ and Ti4+ (0.064 and  0.068 nm, respectively), iron is one of 
the best doping materials in which Fe3+ ions can be possibly located at interstice 
positions or within the lattice [7].  
Since detection of room temperature ferromagnetism (FM) in Co:TiO2 [8], numerous 
studies have been performed to investigate the magnetic properties of TiO2 
nanoparticles doped with transition metals ([4] and references therein). Magnetic 
properties of Fe doped TiO2 at Fe/Ti molar ratio of 1 and 5% were investigated by 
SQUID magnetometry in our previous study [4] and ferromagnetic order with Tc 
about 350K was observed in TiO2 sample doped by 5% Fe and annealed at 800

C. 
Despite numerous studies were performed in different physical properties of Fe doped 
TiO2, controversial results have been reported [9-11]. Inconsistency of the results can 
be due to the multiple factors such as synthesis method, annealing temperature and 
iron content.  
It has been revealed that physical properties of Fe dope TiO2 strongly depend 
on the structural modifications associated to iron incorporation as a dopant (interstitial 
or substitutional) and possible hematite segregation. The segregation can be a 
disadvantage and result the poor photocatalytic activity; therefore controlling the 
dopant seems to be essential [7]. The segregation can be happened when iron 
concentration exceeds the limit of substitution into TiO2 lattice, and again 
controversial results were found in literature. Ganesh et al. [12] found the existence of 
α-Fe2O3 and FeTiO3 when Fe content was  4 Wt%. Zhu et al. [13] recognized α-
Fe2O3 for iron  5 Wt%, while Crisan et al. [9] reported completely solubilized Fe (up 
to 5 wt%) in anatase lattice.  
Although there is much doubt about the origin of observed ferromagnetism in 
transition metal doped TiO2, some researchers claimed that FM can be originated 
from clustering or impurities while some others strongly supported the intrinsic origin 
of FM behaviour  which has been initiated by the presence of defects such as oxygen 
vacancies [14]. It has been suggested that  doping by Fe3+ can create more oxygen 
vacancies into crystal lattice and on the surface of TiO2 leading to the enhancement of 
photocatalytic activities and magnetic properties [9, 11, 15]. On the other hand, XRD 
was typically used in most studies to determine Fe substitution into TiO2 lattice [16, 
17]. As this technique can not yield definitive evidence for dopant substitution due to 
its detect limitation and the possibility of existing amorphous phase of Fe [18], 
investigating of the changes on the photoelectron peak shape of TiO2 due to addition 
of dopant is of particular interest. 
 In spite of importance of mentioned subject, there are few studies that have 
systematically investigated the existing states of Fe ions and transformation of these 
states at different annealing temperatures and Fe concentrations in Fe doped TiO2. 
Therefore by considering the importance of iron incorporation into TiO2 lattice as a 
dopant, further detailed investigations on electronic properties of Fe:TiO2 and their 
changes due to annealing temperature and doping concentration are critical.  
In this work, we mainly focus on studying the effects of chemical 
environments (structure, annealing temperature, dopant level) on core electron levels 
and the bond type that they formed as well as understanding the composition and 
electronic state of the surface using high resolution X-ray photoelectron spectroscopy 
(XPS). The XPS of Fe doped TiO2 has been investigated by some groups [9, 19-21]. 
However, since the 2p core electron level spectra exhibits asymmetry due to the 
multiplet splitting and shake-up processes [22, 23], the analysis of the XPS spectra of 
of transition metals and their oxides is very complex. In addition, the fittings of the 
XPS curves of Fe-doped TiO2 nanoparticles found in the literature, have not been 
enough accurate often neglecting the multiplet splitting, surface and satellite 
structures contributions or ignoring the necessary use of the doublet functions to fit 2p 
spectra, causing the inconsistency of the described results by different groups[19, 24-
26]. 
In order to systematically study the effects of chemical environments on the 
core electrons binding energies which depend on the crystalline structure, size of the 
particles and their morphology, high resolution XPS were performed in a wide range 
of  Fe doping level (1, 3, 5, 8 and 10%) at different annealing temperatures (400, 600 
and 800  C). Sol-gel synthesis method has been utilized for preparation of the samples 
as the concentration of dopant can be controlled by this technique. Then, the high-
resolution XPS spectra of Ti 2p, O1s, and Fe 2p electronic core levels were recorded 
for more detailed analysis.  The XPS curve fittings of 2p core levels were performed 
by considering multiplet splittings, surface and satellite structure contributions using 
necessary doublet functions. 
Experimental procedure 
Fe doped TiO2 nanoparticles at different Ti/Fe molar ratios (1, 3, 5, 8 and 10%) were 
prepared by sol-gel method as described in our earlier work [4]. The post annealing of 
the samples were performed at 400, 600 and 800  C in air. The X-ray diffraction 
(XRD) spectroscopy was applied to study the structure of Fe doped TiO2 
nanoparticles. The XRD analysis was carried out via utilizing a D8 Advance Bruker 
system, using Cu Kα1 (λ=0.154056 nm) radiation while 2θ was varying from 20 o  to 
70 o . Transmission electron microscopy (TEM) micrographs of the prepared 
nanopowder were recorded using a JEOL 2100F field emission gun transmission 
electron microscope (FEG TEM) operating at 200 keV. High resolution XPS spectra 
were measured by a Scienta ESCA 300 photoelectron spectrometer at the National 
Centre for Electron Spectroscopy and Surface Analysis (NCESS), Daresbury 
Laboratory, UK. This incorporates a rotating anode Al Kα (hυ =1486.6 eV) X-ray 
source, a 7 crystal X-ray monochromator and a 300 mm mean radius spherical sector 
electron energy analyser with parallel electron detection system. The X-ray source 
operated at 200 mA emission current and 14 kV anode bias, while the analyser run at 
150 eV pass energy for survey spectra and at 20 eV pass energy for core level spectra, 
with 0.8 mm slits. All measurements were obtained at a pressure ~ 10−9 Torr. Samples 
were mounted by a double-sided carbon tape in a transferable sample holder while 
charging was compensated with an electron flood gun.  
The binding energy of the spectra was referenced to the residual C 1s of 
amorphous carbon which has been assigned to a binding energy of 284.6 [27]. 
Collected XPS spectra were fitted by Winspec software. All Fe 2p core levels were 
fitted using a Doniac-Šunjic line shape [28] convoluted with a Gaussian profile, while 
the fitting of the other core level peaks were achieved by the Lorentzian form 
convoluted with the same Gaussian. The Gaussian component considers the 
instrumental energy resolution and also chemical disorder, while the Lorentzian 
explains the lifetime of the photoionization process [29]. Shirley method was used to 
subtract the photoelectron background [30]. 
Results and discussion 
 The XRD patterns of 1 and 5% of Fe doped TiO2 were presented in our 
previous work [4] and the XRD pattern corresponding to 10 % Fe (molar ratio) was 
shown in figure 1. XRD results were compared to the standard JCPDS card no: 89-
4920 and JCPDS card no: 89-4921 databases for rutile and anatase TiO2, respectively. 
The results revealed the existence of both anatase and rutile phase with the dominance 
of anatase at annealing temperature of 400 o C. Further increase in annealing 
temperature to 600 o C leads to the dominance of rutile phase over anatase. Finally, the 
anatase phase was disappeared at annealing temperature of 800 o C and the 
monostructure rutile phase for all concentrations of Fe was observed except for 10% 
Fe doped TiO2 nanoaprticles annealed at 800
o C, whereas pseudobrookite phase co-
exist with the rutile phase. XRD patterns did not show any diffraction peaks of iron 
suggesting the need for further study to verify the formation of an iron-titanium solid 
solution and the incorporation of Fe into the TiO2 crystal structure substitutionally. As 
confirmed by XRD patterns (figure 2) and the summarized results in Table 1, the major 
effect of doping by iron was a decrease in the anatase phase and consequently an increase 
in the rutile upon increasing the iron concentration.  
TEM images of 5% Fe doped TiO2 annealed at 400 and 800
o C are illustrated in figure 
3. Table 1 shows the measured size by TEM of the all synthesized samples in this 
work. A significant increase in growth of crystallite size was observed following the 
phase transformation from anatase to rutile. However, at higher Fe concentrations, a 
decrease in the particle size was observed which can be possibly attributed to the 
reduction of the kinetics of particle growth at higher annealing temperature by 
increasing the Fe concentration. This could be explained by the presence of Fe3+ at the 
surface of TiO2 nanoparticles (as it will be shown), leading to a decrease in surface 
energy and thermodynamic driving force for particle growth [15]. 
XPS study which forms the main part of this work was performed to obtain the 
spectra of Ti 2p, O 1s and Fe 2p core levels. The Ti 2p photoemission spectrums of 8 
and 10% (molar ratio) Fe doped TiO2 nanoparticles annealed at 400,
 600 and 800 o C 
were presented in figures 4(a) and 4(b), respectively. Table 2 summarizes the 
observed changes in the binding energy of Ti 2p photoemission spectrum when Fe 
concentration increases from 1 to 10% and annealing temperature varied from 400 to 
800 o C. The binding energies shifted from 458.7 eV to 458.0 eV and peak separations 
changed from 5.86 eV to 5.65 eV.  The XPS data of Fe:TiO2 nanoparticles indicated 
that the Ti 2p spectrum are symmetric without the shoulder [31] and Ti was assigned 
to the Ti4+ (TiO2) [32].  
A mean value of 458.7 eV was attributed to the position of the Ti4+ of Ti 2p 
spectrum by Mayer et al. [33] after considering the results of 16 different research 
groups. The binding energy of Ti4+in  Ti 2p spectra of single-crystal of rutile (110) 
surface was found at 459.3 eV [34]. However, it has been observed that upon surface 
annealing,  the TiO2 surface reduction and point defects are generated in the rows of 
bridging oxygen atoms [34]. Due to the presence of oxygen vacancies, the extra 
electrons in vacancies cooperate as the donor-like states that accumulate as a layer in 
near-surface region causing the downwards band-bending. It was found that after 
adsorption of oxygen gas at room temperature, these defects disappear, but an upward 
shift of all peaks by ~0.2-0.3 eV is resulted [34]. Figure 4 and Table 2 show that the 
Ti 2p peak positions shifted towards lower binding energy with increasing the Fe 
content and annealing temperature from 400 to 800 o C. As mentioned above, 
annealing at high temperature creates oxygen vacancies leading to core electron levels 
shift towards lower binding energies [15, 34]. It is also worth mentioning that the 
increasing level of oxygen vacancies, can also assist the structural rearrangement from the 
anatase to the rutile [35]. 
The phase content of the samples were estimated by Spurr and Myers method 
[36] in accordance with the following equation: 
  
X A = 1-X R = (1+1.26 *I 27.5/I 25.3)
-1 
where the subscripts (A) and (R) indicate the anatase and rutile phase, respectively. 
I27.5 and I25.3 are the relative intensity of the rutile (110) peak at 2θ ~27.5° and the 
anatase (101) at 2θ ~25.3°. As figure 2 shows, the rutile phase quantity almost increased 
by raising the annealing temperatures from 400 to 800 o C which is in agreement with 
literature [37, 38]. The same trend was observed by increasing the Fe concentration 
from 1 to 8%, apart from 10% Fe annealed at 800 o C due to the appearance of the 
pseudobrookite phase. 
The anatase has more distorted structure than rutile. Two of the titanium-
oxygen bonds are longer than the others and the O–Ti–O bond angles in anatase 
deviate more from 90 o  in comparison to rutile [34]. Ti atoms in rutile TiO2 are in an 
octahedral (Oh) coordination environment [34]. Therefore, the shifts in the binding 
energies of core electron levels can also be attributed to transformation of crystal 
structures from the anatase to rutile phase.  
The obtained binding energies of the O 1s region of all prepared samples were 
described in Table 3. The spectra of samples containing 1, 3 and 10% Fe were 
represented in figure 5. 
It is notable that O1s spectrums of all samples were asymmetric which 
indicate the presence of more components, such as hydroxyl groups, on TiO2 surface 
[9]. The O1s spectra was fitted with 2 or 3 peaks in which the lowest binding energy 
peak ranges from 529.40 to 529.90 eV was attributed to the lattice oxygen in TiO2 
[20, 39, 40]. The second peak with higher binding energy ranging from 530.1 to 530.9 
eV was assigned to the chemisorbed oxygen related species such as hydroxyl groups 
and to the located oxygen vacancies at the particles surface. The third peak range 
from 531.6 to 532.1 eV was also attributed to the adsorbed  water [20, 40-42]. It has 
been reported that hydroxyl groups (i.e. Ti-OH and H2O) are strongly bound to 
surface defects on anatase and rutile surfaces annealing at different temperatures [10]. 
Increasing annealing temperature from 400 to 800 o C can reduce the number of surface 
hydroxyl groups per surface area of TiO2 [10, 43] while increasing dopant level can 
enhance the oxygen vacancies. It can be noticed that the content ratio of the second 
peak (described above) of the samples annealed at 400 o C increased when the Fe 
concentration changed from 1 to 3%. This can be explained by increasing oxygen 
vacancies. At higher Fe concentration, iron starts to diffuse to interior leading to the 
decrease in the content ratio of this peak and this reduction is getting more pronounced 
at 10% Fe level. The same results were achieved for the samples annealed at 600 and 
800 o C. 
Figure 6 presents the high resolution XPS spectra of Fe 2p region of the prepared Fe-
doped TiO2 nanoparticles. Curve fittings for the various chemical states of 1, 3 and 
10% (molar ratio) Fe doped TiO2 nanoparticles were presented in figures 7, 8 and 9, 
respectively.  As can be observed, all samples are richer in Fe3+ oxidation state than 
Fe2+ state. By taking into consideration that initial sol gel was prepared with Iron (ш) 
chloride 6-hydrate, it was expected that Fe would contain mainly +3 oxidative state 
(Fe3+) [44]. It has been reported that binding energies for Fe3+ and Fe2+ states are at 
710.9 eV and 709.4 eV, respectively [32]. Table 4 contains all binding energies, full 
width at half-maximum values and oxidation states of Fe in TiO2 nanoparticles. 
The existence of two chemical states of iron (Fe3+ and Fe2+) with small portion 
of Fe2+ can be explained by the presence of residual carbon from organic radicals, 
introduced by molecular precursors. Following thermal treatment, this residual carbon 
could draw oxygen from the surrounding atmosphere during oxidation process 
causing the reduction of Fe3+ oxidation state to Fe2+ oxidation state [45]. However 
Yen et al. [46] explained the coexisting of the Fe2+ and Fe3+ as a consequence of the 
reduction by generated electrons due to incident of light on the Fe doped TiO2. 
Almost all Fe-doped TiO2 samples annealed at 400, 600 and 800 
o C consisted of Fe2+ 
and Fe3+ except sample with 1% Fe at 400 o C in which the Fe 2p spectra of this 
sample shows two additional peaks at 705.9 eV and 708.47 eV. This might be due to 
two possibilities. Firstly, peaks at 705.9 and 708.47 eV may be assigned to Fe0 and 
Fe3O4, respectively [47], on the basis of the thermodynamics of Fe. Specifically, it is 
known that below 575 o C, iron oxide (FeO) is thermodynamically unstable and 
dissociates into metallic Fe and Fe3O4, the later will give Fe
3+  by annealing [48]. 
Secondly the lower intensity peak at 705.9 eV can be due to defects which are formed 
during sample preparation [49]. 
It can be deduced from Table 4 that Fe3+ peak positions shift towards higher 
binding energies upon increasing annealing temperature from 400 to 800 o C.  The 
observed positive shift in the binding energy and an increase in intensity of Fe3+ 
component can be attributed to high annealing temperatures and prolonged times (at 
400, 600, and 800 o C for 1h in air). The high annealing temperature results in 
oxidation of Fe2+ into Fe3+ [47], diffusion of Fe ions in substitutional positions of the 
TiO2 crystal lattice and  formation of  Ti-O-Fe complexes in Fe-TiO2 [50]. In all 
spectra, the Fe 2p3/2 peak exhibits an asymmetric tail at higher binding energies which 
can be assigned to the surface contribution of nanoparticles in XPS having different 
binding energies compared to that of the bulk nanostructure [51]. The discrepancy 
between the surface and bulk binding energies was attributed to a decrease in the 
crystal field energy of Fe ions located at the surface (top two layer)  and in contrast to 
those located within the bulk [52], it can be detected when high resolution XPS is 
used [53]. 
In summary XPS results confirmed the presence of Fe in all prepared Fe doped TiO2 
nanoparticles, despite observing no signal of Fe in the XRD patterns. Doping with Fe 
has two effects on TiO2 lattice. It can facilitate the anatase to rutile transformation rate 
and also, as stated by Wu et al. [15], Fe3+ can establish the charge compensation by 
creating more oxygen vacancies which could be responsible for the observed 
magnetic behaviour in Fe doped TiO2 [4, 11, 54]. The substitution of Fe into TiO2 
lattice was confirmed by negative shift in the binding energies of Ti 2p3/2 core levels.  
In this work, a series of Fe doped TiO2 at different Fe concentration and 
annealing temperature were synthesized and studied by XPS in order to achieve a 
complementary data regarding the structural and electronic properties of the samples. 
Utilizing the high resolution XPS has provided additional information on discrepancy 
between the surface and bulk binding energies. In addition, systematic study on the 
existing states of Fe ions in Fe doped TiO2 and transformation of the existing states by 
increasing the annealing temperature and Fe concentration was performed. 
Despite the literature reports regarding the observation of Fe segregation [12, 13], Fe 
ions in this work, were doped into TiO2 lattice and Fe concentration up to 10% did not 
exceed the saturation limit. 
 
Conclusion 
The physical properties of Fe doped TiO2 can be changed when iron 
incorporates in interstitial or substitutional mode or when possible hematite 
segregation occurs. The segregation can be occurred when iron exceeds the limit of 
substitution into TiO2 lattice. Indeed, the incorporation of Fe in substitutional mode is 
highly desired in most applications. In this work, Fe doping to TiO2 nanoparticles 
were detected using XPS, while they were not identified by XRD and TEM. The 
successful incorporation of Fe into the TiO2 lattice of different samples of Fe:TiO2, 
prepared in wide range of Fe concentration (1, 3, 5, 8 and 10%) and annealing 
temperature (400, 600 and 800 o C),   was confirmed by small negative shift of binding 
energy of Ti 2p when the annealing temperature and the Fe concentration were 
increasing [33, 34]. Furthermore, oxidation states of Fe ions were determined in 
mixed valence (Fe2+ and Fe3+) states. The Fe3+ ions were found to be dominant in the 
surface region of nanoaprticles. The shift in binding energies of Fe3+ was established 
upon increasing annealing temperature from 400 to 800 o C. Fe ions in this work were 
successfully doped into TiO2 lattice and Fe concentration up to 10% did not exceed 
the saturation limit. 
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Table Captions: 
 
Table 1: Measured particle size by TEM for Fe doped TiO2 nanoparticles calcinated at 
different temperatures in air and at different iron molar ratios. 
Table 2: Binding energy (eV) for Ti 2p3/2  (with its spin-orbit splitting value) in 1, 3, 5, 
8 and 10% Fe doped TiO2 nanoparticles samples annealed at 400, 600, and 800
  C 
(data corresponding to 1 and 5% Fe reproduced from ref [4]). 
Table 3: The binding energies (B.E.) of O1s components of different Fe doped 
samples in (eV). 
Table 4: Summary of the Fe 2p peaks position. 
Figure Captions: 
Figure 1:  XRD patterns of 10% Fe: TiO2 nanoparticles as a function of annealing 
temperatures at: a) 400  C, b) 600  C, and c) 800  C. 
Figure 2: Rutile content ( %5 ) as a function of various annealing temperatures and 
Fe concentrations 
Figure 3: TEM image of 5% Fe concentration at: (a) 400
o
C and (b) 800
o
C.   
Figure 4: XPS core level Ti 2p spectrum of (A) 3% and (B) 10% Fe doped TiO2 
annealed at 400  , 600  , and 800  C in air. 
.Figure 5: XPS core level spectra of the O 1s region of 1%, 3% and 10% Fe-doped 
TiO2 annealed at 400
 C, 600  C and 800  C in air. 
Figure 6: XPS core level spectra of the Fe 2p region of 3, 8 and 10% Fe-doped TiO2 
annealed at 400  C, 600  C, and 800

C  
Figure 7: High resolution XPS core level spectrum of 1% Fe annealed at 800  C, 
600  C, and 400  C (data corresponding to 1% Fe annealed at 800 

C was reproduced 
from ref [4]). 
Figure 8: High resolution XPS core level spectrum of 3 %Fe annealed at 800oC, 
600oC, and 400oC. 
Figure 9: High resolution XPS core level spectrum of 10% Fe annealed at 800  C, 
600  C, and 400  C. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 1: Measured particle size by TEM for Fe:TiO2 at different temperatures and 
iron concentrations, phase identification and rutile content (%). 
 
Dopant 
ratio 
(Fe/Ti)
% 
Annealing 
Temperature 
(  C) 
Particle size (nm) Phase 
Identification 
Rutile content 
(%)( 5%) 
1 400 10-14 Anatase 
27.73 
Rutile 
1 600 13-20 Anatase 
83.16 
Rutile 
1 800 50-97 Rutile 100 
3 400 18-40 Anatase 
0 
Rutile 
3 600 
 
 
 
 
 
 
 
 
 
 
 
14-34 Anatase 
83.38 
Rutile 
3 800 49-88 Rutile 100 
5 400 6-10 Anatase 31.9 
5 600 22-30 Anatase 
88.55 
Rutile 
5 800 50-100 Anatase 
100 
Rutile 
8 400 30-49 Anatase 
41.16 
Rutile 
8 600 13-34 Rutile 100 
8 800 33-76 Rutile 100 
10 400 33-100 Anatase 
52.2 
Rutile 
10 600 7-33 Anatase 
60.74 
Rutile 
10 800 21-27 Pseudobrookite 
87.36 
Rutile 
 
 
 
 
 
 
 
Table 2: Binding energy (eV) for Ti 2p3/2  (with its spin-orbit splitting value) in 1%, 
3%, 5%, 8% and 10% Fe doped TiO2 annealed at 400
  C, 600  C, and 800  C in air. 
 
 
Iron concentration 
Binding Energy (peak separation) (eV) 
At  400  C At 600  C At 800  C 
1% Fe 458.7 (5.7) 458.5 (5.7)  458.1 (5.7) 
3% Fe 458.6 (5.8) 458.4 (5.7) 458.2 (5.7) 
5% Fe 458.4 (5.7) 458.4 (5.8) 458.3 (5.8) 
8% Fe 458.4 (5.7) 458.2 (5.8) 458.1 (5.8) 
10% Fe 458.2 (5.7) 458.2 (5.8) 458.0 (5.9) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Table 3: The binding energies (B.E.) of O1s components of different Fe doped 
samples in (eV). 
 
 
Sample 
O2- OH- H2O 
B.E (FWHM) 
Ratio
% 
B.E (FWHM) 
Ratio
% 
B.E 
(FWHM) 
Ratio
% 
1% Fe_400oC 529.9 (1.28) 72.44 530.5 (2.59) 27.56 - - 
1% Fe_600oC 529.7 (1.47) 84.51 530.9 (2.5) 15.49 - - 
1%Fe_800oC 529.4 (1.43) 83.06 530.7 (1.64) 13.75 532.1 (1.29) 3.18 
3% Fe_400oC 529.8 (1.22) 61.67 530.6 (2.37) 38.33 - - 
3%Fe_600oC 529.6 (0.98) 71.00 530.3 (1.34) 24.25 531.6 (1.21) 4.76 
3%Fe_800oC 529.4 (1.01) 44.53 529.9 (1.84) 39.68 531.8 (1.38) 15.78 
5%Fe_400oC 529.7 (1.42) 71.29 530.3 (3.01) 28.71 - - 
5%Fe_600oC 529.5 (1.26) 81.77 530.6 (1.76) 10.79 531.7 (2.03) 7.45 
5%Fe_800oC 529.6 (1.97) 67.4 530.6 (1.89) 26.04 531.8 (1.97) 6.56 
8%Fe_400oC 529.6 (1.14) 73.12 530.7 (2.56) 26.88 - - 
8%Fe_600oC 529.48 (1.01) 48.85 529.98 (1.61) 36.05 531.74 (1.43) 15.10 
8%Fe_800oC 529.40 (1.1) 47.82 530.12 (1.58) 31.74 531.71 (1.48) 20.44 
10%Fe_400oC 529.57 (1.14) 78.17 531.16 (2.31) 21.83 - - 
10%Fe_600oC 529.5 (1.016) 52.89 530.1 (1.44) 32.95 531.7 (1.47) 14.15 
10%Fe_800  C 529.4 (1.08) 70.96 530.3 (1.82) 16.65 531.9 (1.35) 12.38 
 
 
 
 
 
 
 
 
 
 
 
Table 4: Summary of the Fe 2p peaks position. 
 
 2P3/2 (FWHM) Satellite (FWHM) Oxidation 
state 
1%Fe_400oC 705.9 (2.40) - Fe0 or defect 
709.0 (1.42) 716.5 (4.9) Fe+2 
709.7 (1.81) 
711.4 (4.2) 720.4 (4.9) Fe+3 
715.2 (3.13) - surface 
1%Fe_600oC 708.5 (1.4) 715.7 (4.5) Fe+2 
710.3 (3.0) 720.3 (4.0) Fe+3 
712.8 (3.0) - surface 
1%Fe_800oC 710.4 (2.1) 716.5 (4.5) Fe+2 
711.8 (4.1) 720.1 (4.5) Fe+3 
715.5 (4.9) - surface 
3%Fe_400oC 710.43 (0.90) 715.42 (3.47) Fe+2 
710.78 (3.50) 719.46 (5.50) Fe+3 
713.55 (2.58)  Surface 
3%Fe_600oC 710.38 (1.9) 716.48 (5.4) Fe+2 
710.87 (3.56) 720.30 (4.5) Fe+3 
713.41 (3.00) - Surface 
3%Fe_800oC 710.3 (1.20) 716.9 (4.5) Fe+2 
711.0 (3.30) 720.0 (4.5) Fe+3 
713.5 (3.00) - surface 
5%Fe_400oC 709.6 (2.50) 716.3 (4.0) Fe+2 
711.3 (3.62) 720.1 (4.5) Fe+3 
714.0 (2.57) - surface 
5%Fe_600oC 710.5 (1.74) 716.4 (4.0) Fe+2 
711.4 (3.37) 720.0 (4.5) Fe+3 
714.4 (2.57) - surface 
5%Fe_800oC 710.1 (2.08) 717.4 (4.5) Fe+2 
711.4 (3.94) 720.3 (4.5) Fe+3 
715.0 (3.35) - surface 
8%Fe_400oC 708.54 (1.35) 715.01 (4.35) Fe+2 
710.61 (2.76) 719.53 (4.96) Fe+3 
713.54 (3.15) - surface 
8%Fe_600oC 710.2 (1.70) 715.5 (4.0) Fe+2 
711.2 (3.14) 719.4 (4.0) Fe+3 
713.7 (4.00) - Surface 
8%Fe_800oC 710.17 (1.64) 716.26 (4.62) Fe+2 
711.41 (3.63) 719.91 (3.96) Fe+3 
713.41 (1.36) - Surface 
10%Fe_400oC 708.33 (1.4) 714.89 (4.50) Fe+2 
710.32 (2.53) 720.25 (4.9) Fe+3 
712.30 (3.00) - Surface 
10%Fe_600oC 710.3 (2.20) 716.0 (4.5) Fe+2 
711.1 (3.20) 719.6 (4.9) Fe+3 
713.7 (3.00) - Surface 
10%Fe_800oC 710.07 (1.08) 715.83 (4.5) Fe+2 
710.71 (2.5) 719.69 (4.5) Fe+3 
712.92 (2.5) - Surface 
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Figure 9 
